Fractures of the distal radius occurring in young adults are treated increasingly by open surgical techniques, partly because of concern that failure to restore the alignment of the fracture accurately may cause symptomatic post-traumatic osteoarthritis in future years. We reviewed 106 adults who had sustained a fracture of the distal radius between 1960 and 1968 and who were below the age of 40 years at the time of injury. We carried out a clinical and radiological assessment at a mean follow-up of 38 years (33 to 42).
Malunion is common after treatment of fractures of the distal radius by closed reduction and immobilisation in plaster. 1 There is increasing concern that failure to restore accurate extraarticular alignment may result in persistent pain, restricted movement of the wrist and forearm and weakness and disability due to malfunction of the radiocarpal and distal radio-ulnar joints. Intra-articular malunion may lead to posttraumatic radiocarpal osteoarthritis. 2 The functional impact of this has not been clearly defined.
It is difficult to draw any conclusions from the literature concerning fractures of the distal radius because of the wide range of patients, interventions, methodology and measures of outcome. [3] [4] [5] There is some evidence to support the use of external fixation or percutaneous pinning, but it is "unclear whether surgical intervention for most fracture types will produce consistently better long-term outcomes". 3 We have observed the increasing use of internal fixation, both within our own institution and in the literature, because of the improved reduction which can be achieved, but it is uncertain whether this results in a better functional outcome and a reduced risk of post-traumatic osteoarthritis. 6 Associated injury to the intercarpal ligaments may explain the failure to identify improved functional outcome from better radiological reduction. 7 Young patients with high-energy fractures are often considered as a sub-group in which malunion should be prevented by using operative fixation. They are distinguished from patients with low-energy fractures not involving the wrist, the classical Colles' fracture, and it is generally agreed that younger patients with greater physical demands are at the most risk of disability from a poor result after such a fracture. In addition, their long remaining working life may place them at a greater risk of developing post-traumatic osteoarthritis.
We have examined the prevalence of malunion and post-traumatic arthritis and investigated their relation to symptoms in a group of adults who had sustained a fracture of the distal radius at least 33 years previously, when aged less than 40 years.
Patients and Methods
This retrospective observational study was carried out in the hand surgery clinic of a university teaching hospital. The study received ethical approval and all the patients provided informed consent. The contralateral uninjured wrist was used as a control.
Ledgers maintained in the plaster room containing the details of all the patients who had a plaster cast applied to their arm between 1960 and 1968 at our institution, which was the main local provider of emergency services at this time, were obtained from the Archive Department of the University Library. The details contained the name, address at the time of application of the cast, age but not date of birth, and gender. These data were used to attempt to locate the patients who were under the age of 40 years at the time of their injury using the hospital computer database, the Electoral Register and Local Health Authority records.
We identified 801 patients as having received a belowelbow plaster cast for an unspecified reason during this period of nine years. Of these, 235 were traced, of whom 49 had died, 15 had not sustained a fracture of the distal radius and five were considered to be unfit by their general practitioner to participate in the study. A total of 47 patients did not wish to take part. We reviewed the remaining 119 patients, and a further 13 were excluded because they had sustained a subsequent fracture of the contralateral wrist. This left 106 patients of the 153 eligible, a follow-up rate of 69%, but only 13% of the original 801 patients.
These were 74 males and 32 females, whose mean age at injury was 25 years (16 to 40) and at follow-up 64 years (51 to 80). The mean length of follow-up was 38 years (33 to 42). A total of 49 patients (46%) had injured their dominant hand. Other characteristics of the patients are shown in Table I . Radiographs from one of the most malunited fractures are shown in Figure 1 .
The primary outcome measure was objective hand function as assessed by the grip strength and range of movement (ROM). The former was measured in both hands, taking the best of three attempts using a Jamar Dynamometer (J. A. Preston, Jackson, Michigan) and the ROM by a goniometer using standard techniques and positions.
A composite value for the ROM for each wrist was calculated by the addition of the ranges of flexion, extension, radial and ulnar deviation and pronation and supination.
Secondary outcome measures included pain in the wrist which was assessed using a visual analogue scale, the hand health profile section of the Patient Evaluation Measure, the disabilities of the arm, shoulder and hand (DASH) questionnaire, [8] [9] [10] and the radiological evidence of osteoarthritis. The DASH and Patient Evaluation Measure were both validated for assessing hand function, unlike the assessments of function used in many previous investigations of the distal radius. [11] [12] [13] A comparative Patient Evaluation Measure was also calculated by obtaining scores for the uninjured and injured arms separately, and subtracting the uninjured score from that of the injured one. This attempted to eliminate any symptoms present from other problems such as trapeziometacarpal arthritis, which is prevalent in this group of patients and a confounding factor not usually considered when reviewing outcome. 14 The characteristics of the fractures were documented using standard radiographs of both the injured and uninjured wrists. 2, 15, 16 The criteria described by Jupiter and Fernandez 1 were used to define the presence of malunion: < 20º of radial angulation, dorsal angulation beyond neutral and shortening of 2 mm or more in comparison with the contralateral wrist. 17 The teardrop angle and anteroposterior (AP) distance were also assessed (Fig. 2) . 16 Both have only recently been recognised, and some authors consider them to be of vital importance. 16 The degree of narrowing of the radiocarpal joint space, the formation of osteophytes, sclerosis and the formation of cysts were also individually recorded, as well as the grade of any posttraumatic osteoarthritis according to Knirk and Jupiter 2 (Table II) .
Since the original radiographs were not available, classification into intra-and extra-articular fractures was made on those obtained at the latest follow-up. The characteristics used to identify an intra-articular fracture were any persistent articular step or gap, the obvious presence of a healed fracture line extending into the joint and an increase of 4 mm in the AP distance of the injured compared with the uninjured wrist as seen on the lateral view. We felt that increases in the AP distance indicated a previous comminuted intra-articular fracture with dorsal and palmar fragments which had united with a gap between them. The accuracy of using the AP distance to identify intra-articular fractures was confirmed using 92 sets of radiographs from a contemporary group of patients in whom radiographs were all available at the time of injury, after reduction of the fracture and at union. A threshold of an increase of 4 mm in the AP distance in the fractured wrist compared with the uninjured wrist at union identified 17 of 55 displaced intra- Radiographs showing a) posteroanterior and b) lateral views of a malunited fracture. This woman sustained her injury at the age of 36 years and was reviewed 38 years later. She reported only occasional symptoms despite obvious malunion and joint degeneration. Although such a threshold is insensitive (sensitivity 33%), it is 100% specific for identifying intra-articular injuries. Injuries classified as intra-articular in our study therefore probably represented severe intra-articular injuries with palmar and dorsal fragments which were not reduced, leading to residual articular incongruity. Those considered as extra-articular contained some intra-articular injuries, but with less displacement. The physical examination was performed by the principal author (DPF) without reference to the side of injury or access to radiographs. The accuracy of the findings on examination and the radiological assessments were independently verified by repeat examination by a second observer in 40 cases. Statistical analysis. The articular injuries were considered in two groups, those with articular displacement (intraarticular fractures) and those with extra-articular malunion with or without undisplaced articular extensions (extra-articular fractures). In addition to the use of the t-test, chi-squared test, Fisher's exact test and calculation of the Pearson correlation coefficient for univariate analysis, two separate multivariate analyses were performed. These had the advantage of considering the characteristics of the fractures independently as individual explanatory variables, such that all 106 patients contributed to each analysis, and therefore avoided decreasing patient numbers in sub-group analyses. For the objective measures of grip strength and ROM, an analysis of covariance (ANCOVA) was used to quantify their relationship to radiological factors including dorsal angulation, radial deviation, radial shortening, the teardrop angle and the AP distance. Log transformation to satisfy requirements of normality was performed for data which were skewed. For the subjective measures an ordinal logistic regression model was used to analyse the data, which was scored on a scale from 1 to 7. For each of the ten questions of the Patient Evaluation Measure score a separate analysis was performed, as well as for the overall total score and for the DASH score, adjusting for explanatory variables such as age, gender and hand dominance. Both sets of analyses were performed using the SAS package version 9.2 (SAS Institute Inc., Cary, North Carolina).
Results
Of the 106 patients, five had changed occupation, but in none was this because of the fracture, and none reported any restriction to their work activities as a result of the injury. No salvage procedures had been performed on any of the patients. One had undergone internal fixation with two inter-fragmentary screws for treatment of his fracture. Surgeons practising in the hospital at the time have confirmed that manipulation and application of plaster were the standard treatment and that internal fixation was seldom performed. Radiological findings. According to the definition of Jupiter and Fernandez, 1 69 of the fractures (65%) had united with malunion, including 19 (18%) which were malunited in all three parameters. In the extra-articular group only the AP distance, a measure of disruption of the articular surface, was not significantly different in the fractured compared with the uninjured wrists (paired t-test, p = 0.171, Table  III) . The values for the AP distance in the uninjured wrist were similar to already published figures (mean 18.8 mm; 95% confidence interval (CI) 17 to 21). 16 In Table III the amount of dorsal angulation observed appears to be small, (mean palmar tilt 2˚ (95% CI 0 to 4) but this is because 26 (24.5%) of the 106 fractures were of the Smith and not the Colles' type, and had united with palmar angulation of more than 10º. For the 35 fractures (33%) which united with dorsal angulation beyond neutral the range of malunion was from 2º to 38º, with a mean of 11º (22º dorsal angulation relative to the uninjured wrist, Table IV) . Post-traumatic osteoarthritis. There was a significantly greater degree of radiological degeneration in the fractured wrist compared with the uninjured side (chi-squared test 28.1, p = 0.0001). Overall, 53 of the 106 fractures (50%) were assigned the same osteoarthritis grading in both the fractured and uninjured wrists. In 46 (43.4%) a higher grade was assigned on the fractured side and in seven (6.6%) a lower one. Intra-articular fractures had a greater proportion of arthritis than those which did not involve the joint (Tables V and VI) . However, 26 of 40 (65%) intra-articular fractures were considered to have grade 0 or grade 1 arthritis, with mild narrowing of the joint space at most.
After adjusting for other variables, ordinal logistic regression analysis showed a significant relationship between narrowing of the joint space and dorsal angulation, radial shortening and intra-articular injury (odds ratio (OR) (95% CI) 1.07 (1.03 to 1.1), 1.21 (1.02 to 1.45) and 3.23 (1.43 to 7.14), respectively). Radial angulation was not a significant determinant of narrowing of the joint space. The OR suggested that dorsal angulation of 10º, i.e. 20º of angular deformity from the normal palmar tilt, resulted in the fractured wrist being 1.2 times more likely to have worse narrowing of the joint space than that without loss of the normal palmar tilt. Radial shortening of 2 mm resulted in the fractured wrist being 2.4 times more likely to have worse narrowing than that with no shortening, and an intra-articular injury was 3.2 times more likely to have more narrowing than an extra-articular injury.
Formation of osteophytes was not significantly related to dorsal angulation, radial deviation, radial shortening, positive ulnar variance or the presence of an intra-articular injury or carpal malalignment. An increase in the formation of osteophytes was observed in the fractured wrist with increasing age at injury (OR 1.06 (95% CI 1.01 to 1.11)), such that for every decade increase in age patients were ten times more likely to have worsening osteophyte formation in the injured, but not the uninjured wrist. The presence of osteophytes in the uninjured wrist made their appearance in the fractured wrist six times more likely (OR 6.29 (95% CI 3.34 to 11.76)).
The only significant predictor of sclerosis at the radiocarpal joint following fracture was an intra-articular injury (OR 5.88 (95% CI 2.44 to 14.29)). Intra-articular fractures were 5.9 times more likely to have sclerosis than extraarticular injuries. Formation of cysts was only significantly related to the presence of cysts in the uninjured side (OR 18.9 (95% CI 3.97 to 90.9)), almost 19 times more likely. Outcome measures. Multivariate analysis suggested that the range of movement in the fractured wrist, when expressed as a proportion of the uninjured side, was reduced to 92% (323˚ of 351˚) when there was a step in the joint surface, compared with 98% (344˚ of 351˚) when no step was present (ANCOVA, p = 0.004).This deficit mainly arose from a mean loss of 10º flexion in the intra-articular fractures and was explained by joint degeneration (Table  VII) . It was not possible to identify thresholds for extraarticular malunion beyond which the clinical or functional outcome was significantly reduced. Rotation of the forearm showed very little reduction on the fractured side with a mean of 5º. Multivariate analysis of grip strength as a percentage of that of the uninjured wrist suggested that dorsal angular malunion caused grip strength to fall to 89% of that of the uninjured side, compared with 99% of that of the uninjured side when no dorsal malunion was present (ANCOVA, p < 0.001), but again no clear threshold could be identified.
Pain. This was not related to the grading of Knirk and Jupiter 2 or any other marker of osteoarthritis or malunion on ordinal logistic regression analysis (general linear model (GLM), p > 0.21). Overall, 81% (86 of 106) of fractured wrists and 91% (96 of 106) of uninjured wrists were reported to be painless at the time of assessment (chisquared test 4.83, p = 0.03), but the intensity of pain was not significantly greater in the fractured wrist compared with the uninjured side, or in the intra-or extra-articular subgroups (ordinal logistic regression GLM, p > 0.124). Function. As assessed by the Patient Evaluation Measure, this was worse in the injured than in the uninjured wrists (Table VIII ). The difference in the level of function between the two sides was small with a deficit of 5% for extraarticular fractures and 9% for those involving the joint ( ttest, p < 0.01). While these differences were statistically significant, they may not have been so clinically as 10% is the lowest threshold that has been used for clinical significance in the Patient Evaluation Measure score. 18 The effect size, the difference in means between the fractured and uninjured wrists divided by their pooled SD , for the intraarticular group was 0.60 and for the extra-articular group 0.43 whereas it has been suggested that it needs to be greater than 0.8 to achieve clinical significance. 19 Measures of extra-articular malunion were not significantly related to function (ordinal logistic regression GLM, p > 0.05).
The mean DASH score was significantly different between the intra-articular (mean 13 (95% CI 6 to 20)) and extra-articular (mean 9 (95% CI 4 to 14)) injuries ( t -test, p = 0.03). As with the results of the Patient Evaluation Measure assessment, this was statistically significant, but may not have been clinically relevant with effect sizes of 0.48 and 0.62, respectively, and the low scores indicated minimal disability in both groups. The mean DASH score for a comparative 'control' population in North America was 10, with an SD of 15 points, 20 which indicated that the level of function in the fracture group was very similar to normal levels.
Wrists with grade 3 post-traumatic osteoarthritis were almost ten times more likely to have worse function than grade 0 wrists, using the Patient Evaluation Measure score (OR 9.6 (95% CI 2.5 to 36.3), ordinal logistic regression GLM, p = 0.001). The mean Patient Evaluation Measure score for grade 0 wrists was 8% and for grade 3 wrists 18% indicating that although function was worse, the difference was small and the effect size was 0.60, below the level of 0.8 set for clinical significance. 19 The only significant predictor of loss of function in the Patient Evaluation Measure score observed in the fractured wrist on ordinal logistic regression analysis (GLM) was a change in the teardrop angle in which for every reduction of 1º, the Patient Evaluation Measure score was 1% lower (p = 0.03). The lowest teardrop angle observed was 18º, a substantial reduction from the normal 70º.
Discussion
This long-term outcome study of fractures of the distal radius in young adults has shown an increase of 43% in the prevalence of radiological changes of osteoarthritis in the fractured wrists in a population in which the prevalence of malunion (> 20º dorsal angulation, ≥ 2 mm shortening) was 65% and has quantified the risk factors for this and the clinical outcome. The clinical assessors were blind to any history of the previous injury and there was no access to any radiographs, although the cosmetic deformity often indicated extra-articular malunion. Standard objective methods and validated self-reported questionnaires were also used. The radiographs were all assessed subsequently without reference to the clinical results in order to reduce any observer bias. The results from assessment of the radiological parameters in the uninjured wrists were similar to those published previously and assessment by a second observer in a selection of the cases suggested that our methods were accurate. Function as assessed by the Patient Evaluation Measure was significantly worse in the injured wrists, and more so in intra-articular injuries, but this was of uncertain clinical relevance. The recorded DASH scores were very similar to the means in a comparative normal population. 20 We have not been able to identify any thresholds of malunion beyond which function was clearly worse as measured by the Patient Evaluation Measure and DASH scores. Dorsal angulation and shortening were both associated with worse function, with each 1 mm of shortening having a greater effect on function than each 10º of dorsal angular malunion. Intra-articular malunion was a greater predictor of reduced function scores than either of these extraarticular measurements. Intra-articular fractures. The evidence from our study may appear to contradict that of Knirk and Jupiter 2 which implied that clinically relevant post-traumatic osteoarthritis complicates many of these injuries, especially those which unite with incongruity of the radiocarpal joint. They reviewed 43 fractures in 40 patients and noted radiological evidence of post-traumatic osteoarthritis in 91% of the 24 wrists with residual incongruity of the radiocarpal joint when reviewed at a mean of seven years. However, only one of their 40 patients with intra-articular fractures stated that their fracture had stopped them from working and 11 had no pain in the wrist. A further 25 had slight pain on exertion and only four had pain during their normal activities. The remaining two experienced pain at rest, although both of their intra-articular fractures had healed with no incongruity of the joint. One had no evidence of post-traumatic arthritis and the other had only mild narrowing of the joint space. Although 24 (56%) of the 43 intra-articular fractures showed radiological evidence of post-traumatic osteoarthritis, in 20 (46.5%) this was only grade 1. The remaining four (9.3%) had marked narrowing of the joint space with osteophytes, but only one (2.3%) had severe (grade 3) changes.
Of our intra-articular fractures 26 of 40 (65%) had grade 0 or grade 1 arthritis at 38 years (Table V) , rather less than the 91% (39 of 43) seen by Knirk and Jupiter 2 at seven years. After 38 years we observed a prevalence of grade 2 arthritis of 30% (12 of 40), and of grade 3 changes of 5% (2 of 40). The comparable figures from Knirk and Jupiter 2 were 7% and 2% respectively suggesting that onethird of the wrists with grade 1 changes at seven years progressed with time to grade 2 or grade 3 without the development of severe symptoms, while the other two-thirds did not change radiologically or clinically. We consider that much of the grade 1 change observed represented a nonprogressive injury to the cartilage which occurred at the time of injury and that most wrists with radiological osteoarthritis did not progress to produce symptoms.
Fractures involving the radiocarpal joint were 3.2 times more likely to have radiological evidence of arthritis, a lower figure than that noted by Kreder et al 21 in a randomised controlled trial of plate fixation. They found a 9.9-fold increase in the risk of radiological osteoarthritis when there was persistent articular incongruity. However, they demonstrated no functional differences at follow-up of one year.
Stiffness was more marked in displaced articular fractures (ROM 95% of the uninjured side) than in the extraarticular group (ROM 98%, ANCOVA, p = 0.003). Most of this difference was accounted for by a loss of flexion. The difference in symptoms between the intra-and extra-articular groups as assessed by comparison of the Patient Evaluation Measure scores of the injured and contralateral wrists, was small, and below the 10% difference considered as the limit of clinical significance, with a correspondingly small effect size (≤ 0.60). Extra-articular malunion. Increasing dorsal angulation and radial shortening were significantly associated with radiological degeneration in our series, a finding common to some previous studies, 2,22-28 but not to others which considered radial angulation to be important. [29] [30] [31] [32] [33] [34] It is possible that these parameters measured similar deformities since a change in the radial angle could affect the radial length. One report has suggested that neither dorsal angulation nor radial length is important, 35 but our multivariate analysis confirmed the association between dorsal angulation, shortening and narrowing of the joint space. It may be that dorsal angulation is a marker for dorsal comminution of the initial fracture. 36 Our analysis also showed a significant, but small, effect of dorsal angulation on flexion with each increase of 10º in the dorsal angulation resulting in a loss of flexion of 3º and an increase of 2º in extension. Catalano et al 37 also found that flexion was the only outcome variable which correlated with bony displacement. Kopylov et al 28 noted a loss of flexion of 6º overall in 76 patients reviewed at 30 years. Smaill 38 reported a loss of flexion of 8º in 41 patients seen at five to six years after a distal fracture of the radius.
No measure of extra-articular malunion was significantly associated with either the Patient Evaluated Measure or DASH scores. Although subjective questionnaires are presently a popular measure of outcome, the use of subjective measures alone has been questioned. 39, 40 We considered that the measurements of hand strength and range of movement combined with subjective responses would demonstrate an effect of malunion if one were present. Pain. The intensity of pain was not significantly different between the fractured and uninjured wrists. Pain from the uninjured side has not been assessed in most outcome studies, and it is usually assumed that the contralateral wrist is not painful. However, as patients become older they will develop constitutional degenerative changes independent of the distal radial fracture. For example, the radiological changes at the base of the thumb in patients with a distal radial fracture increase steadily from the age of 41 years and reach a prevalence of 91% in those over 80 years. 14 This and other similar levels of deterioration must have an effect on the symptoms reported in any follow-up study, but are not normally assessed or controlled for. Conditions such as trapeziometacarpal osteoarthritis, although typically bilateral, may only be symptomatic in one hand indicating that the contralateral hand is not a perfect control. However, when groups of subjects are compared, the distribution of such comorbidities will even out and are not influenced by the fracture of the distal radius. Limitations. Only 13% of the original cohort of 801 subjects, some of whom may not have had fractures of the distal radius, were traced, but 69% of the eligible fractures which were traced were studied. Low rates of follow-up are an inevitable problem in retrospective long-term studies and our ability to trace patients was considerably hampered by knowledge only of the age at injury, rather than the date of birth, of the patients. However, we feel that this was unlikely to represent a significant bias. If there had been a significant incidence of symptomatic osteoarthritis we would have expected that the patients would have returned to our hospital for treatment since it is the only provider of wrist surgery in the city.
Recall bias would have been a significant problem if we had relied on patients recalling information about their injury and treatment. We were clear to relate only the final anatomical appearances to the symptoms and objective findings at the time of follow-up. Therefore no further recall was required.
We conclude that the long-term clinical outcome of intraarticular fractures may not be as poor as suggested by the study of Knirk and Jupiter, 2 although they also found that most subjects experienced either no pain or mild pain after use. Our results support the belief that slight narrowing of the joint space is often a benign condition which does not progress and result in more severe, clinically relevant, posttraumatic osteoarthritis. 37, 41 We consider that if anatomical intra-or extra-articular reduction cannot be achieved with simple treatment options such as closed reduction and Kirschner wiring or the application of an external fixator, then the long-term clinical outcome will probably still be satisfactory. It may not be necessary to resort to complex internal fixation which may itself produce complications and may not be cost-effective.
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